Purification process of erythritol in industrial production are currently composed of multiple steps. To improve the purification efficiency and to operate the working condition precisely, the solubility property of erythritol should be monitored. In this study, the erythritol solubilities in aqueous solvents including methanol, ethanol and 2-propanol were experimentally measured by using the gravimetric method within the temperature range of 273.15 K to 283.15.15 K (with 2 K interval) and 283.15 K to 323.15 K (with 10 K interval). The experimental results showed that erythritol solubility increased due to the increase of temperature but decrease of mass fraction of organic solvent. The solubility was also depended on polarities of solvents. The lowest solubility was obtained when using aqueous ethanol. To generate solubility model of erythritol, Apelblate equation, Buchowski-Ksiazaczak λh equation and Van't Hoff model were applied to explain correlation and behavior of erythritol solubility. Based on statistical analysis, Apelblate equation obtained the best correlation to the experimental data compared to Buchowski-Ksiazaczak λh equation and Van't Hoff model. The solubility model with the estimated parameters could be further applied for optimizing purification processes of erythritol in industries.
INTRODUCTION
Erythritol, with its chemical name 1, 2, 3, 4-butanetetrol or meso-erythritol [C 4 H 10 O 4 ], is classified as a sugar alcohol with white crystal appearance. The molecular structure of erythritol is shown in Fig. 1 . It is noncarolic biological sweetener (0.2 kcal/g) that has similar taste to sucrose with approximately 70% of sucrose's sweetness. Thus, it is considered to be one of the safe food condiment for consumers with diabetes 1 . Erythritol is naturally found in various fruits, vegetables, such as mushroom, melon, and some fermented foods, such as soy sauce, beer and sake 2 . Erythritol has broad applications in food and pharmaceutical industries, including to modify taste and texture of foods and beverages, as well as to use as a flavor enhancer, a formulation aid, a stabilizer and a thickener. It is resistant to be metabolized by oral bacteria, and thus, is toothfriendly.
There are several market players in erythritol production including Bolak Corporation (Korea), Cargill Food & Pharm Specialties (USA) and Mitsubishi Chemical Corporation (Japan) 2 . Currently, erythritol is produced by chemical and fermentation process. Via chemical reactions, erythritol is synthesized from dialdehyded starch using nickel catalyst at high temperature 3 . However, this chemical process has never been applied in industrial production due to its low efficiency and high cost. On the other hand, fermentation process is preferably selected for large-scale industrial production. Glucose derived from hydrolysis reactions of corn and wheat starch is mainly used as a major carbon source for fermentation of yeastlike fungi, such as Torula sp. and Moniliella pollinis. One of the concern for the fermentation production is how to improve the efficiency of separation and purification because fermentation broth has large amounts and various types of undesired byproducts.
To recovery and purify erythritol from fermentation broth, the separation trains are conventionally composed of filtration, ion exchange chromatography, concentration, and crystallization. After membrane filtration of fermentation broth, ion exchange chromatography using cation and anion exchange resins is immediately performed to remove charged impurities. The solution is then concentrated and allowed to form crystal, which has purity more than 99.5% 4 . Therefore, the crystallization is a key determination to obtain the qualified erythritol products. Consequently, the solubility data of erythritol is a prerequisite information in order to properly operate the crystallization process to get the desired yield and purity of erythritol 5 . In this study, the solubilities of erythritol in different aqueous solvents, including methanol, ethanol and 2-propanol were monitored within the temperature range of 273.15 to 323.15 K. The experimental data were correlated to different models, including the modified Apelblate model, the Buchowski-Ksiazaczak λh equation and Van't Hoff equation. The behavior of erythritol solubility was interpreted to select a suitable aqueous solvent to improve the separation process of erythritol. 
MATERIALS AND METHODS
A white crystalline powder of erythritol (purity > 99.75%) was purchased from NOW Foods (Bloomingdale, IL, USA). It has molecular weight (MW) of 122.12. The solubility of erythritol at 20 °C is 54 wt% in water and is slightly soluble in alcohol. It melting temperature was 394.65 K. The methanol, ethanol and 2-propanol (analytical grade with purity > 99.5%) were purchased from RCI Labscan (Bangkok, Thailand). The relative polarity of each solvent is shown in the following order: methanol (0.762) > ethanol (0.654) > 2-propanol (0.546), respectively. The analytical stirred-flask method was conducted to determine the solubilities of erythritol in different aqueous organic solvents. The advantages of the stirred-flask method are its experimental simplicity and dependable due to the possibility of measuring many samples simultaneously, however it is a long-time-consuming experiment.
To set up the solubility experiment, the different concentrations of erythritol, as a solute, ranging from 10 wt% -40 wt% were separately prepared in aqueous solvents of methanol, ethanol and 2-propanol that mixed with distilled water. Each mixture was prepared in a screw-capped bottle using magnetic stirrer to provide continuous agitation. To generate the system of the solid-liquid equilibrium, the solid-liquid mixing was continuously stirred for 24 h at the set temperature, and then the solution was kept for 30 min. to allow the undissolved solids to settle down in the lower portion of the bottle. Then, each prepared mixture was statically placed for 24 h in controlled cooling water bath with a temperature stability of ±0.05 K (LAUDA Alpha RA 24, Germany).
The solubility of erythritol was measured as mole fraction by using gravimetric method. To monitor the progress of solubility in tested solvents wintin 24 h period, 10 ml of the mixture was sampling every 3 h, and immediately dried in hot air oven at 80 °C. The dried mass of the erythritol was weighed using an analytical balance with an accuracy of ±0.01 g (Scout ™ Pro, Ohaus, USA ). The value of erythritol solubility was calculated and reported in the term of mole fraction solubilities of erythritol (x e ) base on the equation 1. and M 3 are the molecular weight of the solute, solvent and water, respectively.
RESULTS AND DISCUSSION

Erythritol solubility data
In this study, the mixtures of erythritol in different types of aqueous solvents (methanol, ethanol and 2-propanol) were prepared in different mass fraction of solvent ranging from 30 wt% -45 wt%. The mole fractions of solubilized erythritol were quantitated and calculated under varied temperatures (273.15 K to 323.15 K). The measured x e in each aqueous solvent, methanol, ethanol and 2-propanol, were listed in Table 1 -3. The correlations between temperature and x e were graphically illustrated in Fig. 2-4 . Obviously, it could be described that erythritol solubility was depended on the function of temperature and mass fraction of solvent. That is, the mole fraction solubilities of erythritol were increased upon the increasing of temperature, suggesting the endothermic solubility property of erythritol. On the other hand, the mole fraction solubilities were decreased when the mass fraction of solvent increased. Therefore, these correlation of erythritol solubility, system temperature and solvent mass fraction allowed us to create the solubility model to study in more details of erythritol solubility behavior. 
Modelling of erythritol solubility
In this study, three different solubility models, including the modified Apelblat equation, the Buchowski-Ksiazaczak λh equation and the Van't Hoff equation, were applied to evaluate the correlations of experimental data and operational parameters, including mole fraction solubility of erythritol, mass fraction of aqueous solvent and temperature. The modified Apelblat equation is frequently used to monitor the correlation of solubility and temperature in solid-liquid equilibrium. Most systems that are composed of solute and solvent could be preferably fit well with the modified Apelblat equation 6, 7, 8 . The Buchowski-Ksiazaczak ëh equation is an alternative method to describes the solid-liquid equilibrium behavior by only two adjustable parameters, λ and h, that firstly developed in an eutectic system of solute in saturated solution 9 . The Van't Hoff equation describes the change in the equilibrium constant of reaction depending upon the change of temperature with the assumption that the constant enthalpy is valid over a certain temperature range 10 . Based on these principles, these three models were selected to evaluate the correlation of erythritol solubility in the solvent systems here.
Apelblat model
This solubility model was firstly proposed by Apelblat and Manzurola based on the behavior of solute and solvent in solid-liquid phase equilibrium 6 . The mole fraction of erythritol, as a solute, in the solvent depends on the system temperature and could be correlated as the following equation 11 .
where T is the absolute temperature (K). A, B and C are model parameters, x is the mole fraction of the erythritol at the temperature T. The coefficient variations of the solutions are represented by constant A and B that indicating the influence of non-ideal solution on the solubility of solute. While, constant C reflects the effect of temperature on the fusion enthalpy 12 . The values of the three parameters of A-C are listed in Table 4 .
λh model
Using the Buchowski-Ksiazaczak λh equation, there are only two adjustable parameters, λ and h, are required to fit the experimental data 12, 13, 14 . This model expresses the relationship between mole fraction of the solute as a function of temperature as follows, where T is the absolute temperature (K), λ and h are the model parameters, x is the mole fraction of erythritol, as a solute, in solvent and T m is the melting temperature of erythritol. The values of the two parameters, λ and h, are listed in Table 5 , respectively.
Van't Hoff model
The Van't Hoff equation was proposed previously as an alternative model to describe the solubility of erythritol in the selected solvents 15 . The equation expresses the dependency of the solubility to the function of temperature as the following equation.
where x is the mole fraction of the solubility. a and b are the model parameters, which are presented in Table 6 .
Because three selected models contain different model parameters that need to be adjusted and calculated, the computing software, MATLAB (The Mathwork, Inc, USA), was employed to determine each model parameter based on the experimental data. In this study, an estimation of model parameters (A, B and C of the modified Apelblat equation, λ and h of the ëh equation, a and b of the Van't Hoff equation) was conducted by using nonlinear regression method approach. To evaluate the correlation quality of the solubility models, the root-mean-square deviations (RMSD) and the average absolute deviation (RAD) were calculated 16 as in equation 5 and 6, and listed in Table 4 -6.
The relative deviations (RDs) was calculated based on the following equation.
where N is the number of experiment data point,χ e and χ c present the experimental and calculated solubility values, respectively.
From the Table 1 -3, it could be described that solubility of erythritol in all solvents increased as a function of system temperature. The higher of temperature provided the better solubility of erythritol as shown in Fig. 2-4 . In this study, the temperature ranges within 283.15 -323.15 K were tested. The results showed that within lower range of temperature at 273.15 -283.15 K, the solubility of erythritol slightly increased due to increment of (7) temperature. While, within higher range of temperature at 283.15 -323.15 K, the solubility of erythritol apparently increased. This behavior could be hypothetically explained that the lattice structure of erythritol required the certain amount of heat to be initially broken down and then solubilized in solvent. After that, the outer surface of lattice was disturbed, it was easier for inner shell of lattice was disintegrated and dissolved. The mass fraction of solvent was demonstrated to be an important factor to control erythritol solubility. In Table. 1-3 and Fig 2-4 , the erythritol solubility in aqueous methanol, ethanol and propanol solvents decreased with increasing mass fractions of solvents at constant temperature. It could be explained that the more fractions of solvents were in the system, the more competition to grab water molecules to proximity of solvents, and therefore less water molecules available for erythritol to solubilize. In addition, the types of solvents also affected the degree of erythritol solubility. Previously, erythritol solubility was monitored in pure methanol, ethanol and acetone, and the solubility models indicated that the erythritol solubility was the lowest in acetone 1 .
In this study, the combining effects between the types and mass fractions of solvents on erythritol solubility were observed. At 35% mass fraction of solvent, the lowest erythritol solubility was obtained when using ethanol, which was only 66.67 and 69.88% of mole fraction solubilities in methanol and propanol, respectively, at 323.15 K. While, at 30% and 40%, although the lowest solubility was found in ethanol, but the mole fraction were not so different from methanol and propanol, at 323.15 K. Interestingly, at lower range of temperature, between 273.15 -283.15 K, the mole fraction solubilities in three types of solvents were similar. Normally, to predict the possibility of solubilization and to assist in selection purification process, there is the "the like dissolve like" principle that could be used widely. In this study, the solvent's polarity is in the following order: methanol> ethanol> propanol, and in our system, the erythritol solubility was the lowest in ethanol, the medium polarity solvent. This finding suggested that the solubility of erythritol were influenced by combination of factors, including temperature, mass fraction of solvent and type of solvent.
In Table 4 -6, three solubility models, including Apelblate model, Buchwski-Ksiazaczak ëh equation and Van't Hoff model, were applied to fit with experimental data. The degree of correlation of model and experimental data was evaluated based on RMSD values. Comparing among three models, it was observed that the Apelblate model provided the smallest RMSD suggesting that the Apelblate model gave the better correlation and accuracy than the Buchwski-Ksiazaczak ëh equation and the Van't Hoff model.
CONCLUSION
In this study, the erythritol solubility of in aqueous solvents, including methanol, ethanol and 2-propanol, were experimentally monitored within the temperature range of 273.15 K -323.15K. The solubility behaviors were comparatively correlated with Apelblat model, Buchwski-Ksiazaczak λh equation and Van't Hoff model, and the results suggested that Apelblat model provided the best correlation to the experimental data. Altogether, the conclusion could be drawn as follows,1) the solubilities of erythritol in the selected solvent increased when temperature increased, but the slopes of increments varied upon the types of solvents, 2) the erythritol solubilities in aqueous methanol and propanol were more than that in ethanol, 3) the modified Apelbalt equation was more reliable than the other two tested equations, 4) the experimental data and model parameter could be used for predicting solubilities of the solute and determining optimum operational condition in purification process of erythritol.
